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EECENT DEVELOPMENTS IN ELECTBOMAGNETISM; 



By BUGBNE Blooh, 

Professor at 4he L^fcie Saint Louis. 



The damain of dectromagnetism is to-day so broad and so com- 
plex that in a few pages we can not hope to show all its frontiers. 
For the present, therefore, we will limit ourselves to reviewing cer- 
tain problems which particularly attract our attention, either by the 
number or the importanee of the investigations which they have 
produced. We will start with the theoretical developments and end 
with the results gained in the laboratory.* 

I. THE DYNAMICS OF THE BLfiOTRON AND HLECfTROMAGNBTIC B£ASS. 

The eleotromagnetic theory of matto* and the ether in the per- 
fected form due to H. A. Lorentz is reaily a theocy of electrons. 
Matter in all its forms is by it considered as made up of complex 
groups of ifhich an essential element is the negative electron either 
free or bound to an atom. This element is defined by its charge e 
(4.5X10-^^ electrostatic onits) and its mass, which is invariably at 
small velocitieB (e/m=1.76XlO^ electromagnetic units). This result 
was the logical consequence of a long and brilliant series of discov- 
eries which marked the end of the last and the beginning of the 
present centnry (cathode rays, X rays, gaseous ions, Zeeman effect, 
radioactivity, etc.). 

A fundamental problem of this tiieory is evidently the study of 
the motion of an iscdated deetroa and the electroma^ietic perturba- 
tions which accompany it. This problem gains in interest as experi- 
mental demonstoation becomes possible. Cathode rays from all 
sources (rays from Orookes% tubes, from the photoelectric effect, the 
^ rays from radium) are, indeed, fluxes of electrons projected at 
great velocities -beam maitter. Let us, therefore, review first the 
important results of Ihe liieory which was developed by Heaviside 

*■ Tnuutlated \rj permission from Berne g6i#rale dee Sdences pnres et appllqn<!e8, Paris, 
24th year, "No. S, Apr. 30, 1913. 

'It wlU Ibe oat of tbe question, for instance, in this review to consider the recent 
researches on the larger ions, X-rays, radioactivity, vacuum tubes, and the phenomena 
connected with them (positive rays, etc.)t or atmospheric electricity. 
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and Searle and later and fundamentally by J. J. Thomson (1881), 
a theory which has passed through many successive developments.^ 

(1) An electron moving with a uniform velocity, or at least a 
velocity only slowly variable (quasi-stationary), carries invariably 
tied to it an electromagnetic field the form of which can be cM)m- 
pletely deduced from the Marwell-Lorentz equations. This moving 
field has been called the ^^ velocity wave." 

(2) If the electron suffers an acceleration, a wave is immediately 
propagated from it having all the characteristics of a luminous wave 
(transverse vibrations, rectangular electric and magnetic fields). 
This disturbance has been called an ^^ acceleration wave." At great 
distances from the electron the latter wave alone exists because its 
amplitude varies inversely as the distance from the electron and not 
as the inverse square as does that of the other wave. This shoves us 
the probable origin of luminous radiations and the root of the expla- 
nation of the Zeeman effect Here also we find the explanation of 
X-rays which are electromagnetic pulses ^ due to the abrupt stoppage 
of cathode corpuscles at the anticathode and the resulting negative 
acceleration* 

(8) In order to give an electron a quasi-stationary movement 
there must be communicated to it energy which is stored up in its 
field as electric and magnetic energy. The necessary calculations 
for this field are relatively simple where the ratio (^) of the veloc- 
ity (v) of the particle to the velocity of light, V) is small. They 
become more complicated where ^ approaches unity and were first 
made completely by Max Abraham ^ in 1903 upon tiie hypothesis of 
a rigid, spherical electron carrying a charge uniformly distributed 
throughout its volume. Then the magnetic energy of the field can 

mv* 
always be expressed in the form of kinetic energy, -g*. It is 

quite natural to speak of the coefficient m as the electromagnetic 
mass of the electron. This mass may be superposed upon the ordi- 
nary mass, at least it does not wholly take its place. This leads to 
an electromagnetic interpretation of mechanics. In this new me- 
chanics, the mass m does not maintain a constant value m^ except 
at very small velocities. For a velocity comparable with that of 
light (^ near 1) the mass becomes a function of ^ and increases 
indefinitely as ^ approaches unity. Further it is necessary to dis- 
tinguish between a longitudinal and a transverse* mass according 

* See the references dted farther on. 

>We have not soiBclent gpace to describe the corloas theory of Bragg according to 
which the X-rays and the r rays of radiom are uncharged particles of matter. More- 
OTer this theory appears to be contradicted by the recent beautiful experiments of l^ane 
and his pupils upon the diffraction of X-rays by crystals. (Bragg, Phil. Mag., Oct. 
1907; C?hem. News, vol. 97, p. 162, 1908; Radium, p. 21S, 1908. See also articles hj 
Bmnet In this Revue for Feb. 16, 1913.) 

* See Ions, electrons and corpuscles, vol. 1. 
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to the orientation of the accelleration with regard to the velocity. 
The transverse mass, detectable only in the experiments with the 
deviations of the cathode rays, is given according to Max Abraham 
by the relation 

m^ 4i9»i 2fi l-p ^ 

This formula seemed completely verified by the observations of 
Kaufmann^ (1900 and 1903). He measured the variation of the 
ratio e/m with the velocity for the ^ rays from radium, utilizing 
the electric and magnetic deviations of the electrons having veloci- 
ties reaching ninety-five one-hundredths of the velocity of light. 

Since then other formulae have been proposed in the place of this. 
Langevin and Bucherer,^ basing their formula upon the hypothesis 
of a def ormable electron of constant volume, obtained 

o 

Further, as a consequence of the development of the theory of rela- 
tivity (see Sec. II of this article), H. A. Lorentz, postulating an 
electron of constant equatorial diameter, deduced a third formula : 

o 

These new formulae also appear to fit the experiments of Eaufmann. 
It became necessary, therefore, to make new experiments more pre- 
cise than those of Eaufmann in order to choose between the various 
formulae. Several attempts to do this have been made. 

fiucherer^ placed a grain of radium fluoride at the center of a 
condenser formed of two flat disks 8 cm. in diameter and separated 
by 0.25 mm. This condenser was inclosed in an air-tight cylindrical 
box, the walls of which carried a photographic film. This was all 
placed in a uniform magnetic field parallel to the plates and a very 
perfect vacuum produced. When the condenser is charged, the ^ 
itiys trace upon the film a line the analysis of which permits the 
calculation of the variation of e/m with the velocity. In this case 
the formula of Lorentz is found to fit best, confirming nicely the 
principle of relativity. 

^ See loos, electrons and corpnscles, toI. 1. 
a Langevin, Bevne g^nftrale dea Sdencea, p. 267, 1905. 

• Bacbeier, Phyatk. ZelticbrUt, yoL 9, p. 765, 1908 ; Annalen der Phyiik, vol. 28, p. 618, 
1900. . - 

iiSeS^'-HSM 1918 ^15 
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These conolasicHis have been dmched bj yek later experiimenta 
Hnpka ^ used the eleetroiis from the photo*electrio effect, produced in 
a very perfect vacuum and accelerated by inteiUBe electric firids 
reaching a strength of 90,000 volts. The knowledge of the velocitj 
V and the ratio e/m was deduced from the magnetic deviation, 
rendered evident by a fluorescent screen, and the magnitude of the 
accelerating potential. The maximum velocities obtained were of 
the order of v/S. The formula of Lorentz fits these observations also 
better than that of Abraham. However, these experiments are less 
convincing than the preceding ones, as Heil noted,' since the highest 
potentials must be known with a precision greater than 1 per cent, an 
accuracy difficult to obtain. 

C. E. Guye aiid Ratnovsky,' desirous of escaping this difficulty, 
used ordinary cathode rajrs, produced in a good vacuum, and deviated 
at the same time both electrically and magnetically so as to get rid 
of the necessity of measuring the potential used. These results also 
confirm Lorentz's formula at the expense of Abraham's. 

We are led by all these results to look upon an electron as def orm- 
able only in the direction of its motion, conformable with the prin- 
ciple of relativity; in this respect they undergo the contraction of 
Lorentz (see further on). Do all difficulties now disappear? With- 
out considering the objections of a more general nature which are 
to-day urged against the principle of relatively (see Sec. II), we 
must say, no. As H. Poincar^ ^ has observed, we can not comprehend 
why an electron does not disintegrate q>ontaneously under the in- 
fluence of the electric and magnetic forces due to its charge unless 
there comes into play, in order to maintain equilibrium, other f orc& 
from without anali^ous to pressure. We are led thus to introduce 
something further than pure electromagnetism as a basis of our new 
mechanics. We are just as far as ever from comprehending the 
primordial forces underlying matter. 

11. THB PRINCIPLE OF BBLATIVITT. 

Lorentz has shown that the electromagnetic theory furnishes an 
explanation of the negative results of the experiments which were 
expected to demcmstrate, either by electrical or optical means, tht 
movement of translation of the earth relative to the supposed sta- 
tionary ether. These experim^its could detect only the effects of 
the first order with refeirence to ^ (quotient of the velocity of trans- 
lation of the earth, v, relative to the velocity of light, F), ^while 

^ Hupka, Verh. der Deatscb. Phys. GeBellsch., toI. 11, p. 249, 1900 ; Annalen der PhysiL 
1910. 
< Heil, Aimalen der Physik, vol. 31, p. 619, 1910. 
• Quye and Ratnovsky, Comptes. RendUs, G3j, p. 32(^, 1910. 
« H. Poincar^, Bendlconti del Clrcolo BCatb. di Palentta, toI. 21, p. 129, 1906. 
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theoiy ghows that tlie eJBEects should be of the order of ^' or smaller. 
This theory then received a rude shock from the celebrated experi* 
meiit of Michelson (1881) relative to the interference of two rays 
propagated at right angles to each other and which should show 
the terms of the second order of 9. The negative result was irrec- 
oncilable with the theory, the effect observed being less than one 
one-hundredth of that calculated.^ We must therefore modify the 
theory. 

The modification necessary was announced almost at the same time 
by Lorentz and by Fitzgerald. It consisted in supposing that a 
moving solid body suffers a contraction in the direction of its motion 
equal to ^ V2. This is the celebrated hypothesis known as the ^^ con* 
traction of Lorentz." It seems very strange at first oght and insti- 
gated the experiments by Lord Bayleigh^^ and by Brace,^ who tried 
to find evidence of this contraction in the double refraction which it 
should produce. Their results were negative. In order to ezplaiB 
these consequences and place the theory in a more satisfactory iorm^ 
Lorentz was led to a hypothecs which contained the germ of the 
theory of relativity.^ IIb showed that the electromagnetic equations 
for bodies in motion could be put in the same form as for bodies at 
rest by means of what is called the ^^transformation of Lorentz." 
This permits the expression of the coordinates x, y^ z^ and the time t 
for a system in motion as a function of the coordinates Xf,^ y^ s^ and 
to for the system at rest, thus establishing a correspondence between 
the electric and magnetic fields of the two ^stems. This group of 
transformations contains, as a particular case, the hypothesis of con- 
traction, which is found to be of the magnitude (l-^^)i, in agree- 
ment almost to terms of the fourth order with the magnitude origi- 
nally admitted. It further explaius the negative results of Michel- 
son, Bayleigh, and Brace. Through it we understand the negative 
results of Trouton and Noble in their electrostatic experiment which 
was expected to indicate the terms in ^K^ 

The experiments explained by the transformation of Lorentz go 
only to the terms in ^K We do not know any at present which go 
further, but it is natural to suppose that even taking into account 
terms of higher orders, we will never be able to get evidence of the 
motion of translation of the earth with reference to the ether. In 
other words, we can probably detect only the relative motions of two 
material systems with reference to each other and not their absolute 

^The original experiment was made by MlcheleoD and MoHey In 188T and repeated 
ntoet recently by Moriey and M ttUer, Pkll. Mag;, tqL 9*, p^ 680, 1M«. 
« Bayleigh, Phil. Mag., vol. 4, p. 678, 1902. 

* Brace, PhiL Mag., vol. 7, p. 817, 1004. 

* See the admirable book by Lorenta, entitled " The Theory of Electrons,'* and pnbtlshed 
by Tenbner In Lelpsig, 1900. 

> Trouton and Noble, Hill. Trans;, vol. 202, p. 165, 1908. See also Langevta, Comptes 
Bendus, vol. 140, p. 1171, 1005. 
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230 ANNUAL BBPOBT SMITHSONIAN INSTITUTION, 1913. 

tion of the principle of relativity in the case of acceleration. Then 
considering that as a whole the principle of relativity has failed, he 
keeps the Lorentz transformation only for very small changes in 
the variables. Considerable discussion has passed between him and 
Einstein, but we will not follow the details.^ 

Admitting that these theories will have a lasting effect upon 
science, in the future new experiments will be required and a more 
powerful theoretical effort than that of the past. We will close our 
exposition of this question by citing the opinions of several skeptical 
physicists who, from the beginning, have found the postulates upon 
which the theory of relativity rests too absolute and to whose voices 
we are now beginning to listen. 

The ether in the principle of relativity has been emptied little by 
little of all its physical properties; it is represented now only by a 
system of mathematical equations, those of Maxwell-Lorentz, and a 
number, the velocity of light. It remains as the vehicle of radiant 
energy without our questioning how. Ritz,^ following to the logical 
conclusions such notions, proposes to renounce wholly the hypothesis 
of an ether and to return to a theory very close to the old one of 
emission. According to him, we need not speak of electric and mag- 
netic fields, but only of electric charges acting upon each other. 
We thus return to action at a distance but taking into account the 
finite velocity with which such action takes place. Consequently it 
is necessary to throw away the partial differential equations of the 
electric field and replace them with integrals (retarded potentials). 
There is thus introduced an irreversibility of which the former equa- 
tions could not take account. Mass at great velocities will remain 
constant, but the force will vary. We thus arrive at another system 
of mechanics. Against these new conceptions, the development of 
which was unfortunately interrupted by the death of the author, 
there are grave objections which have so far kept the majority of 
theorists from adopting them, although they are perfectly consistent 
among themselves. 

Brillouin,^ on the other hand, makes the ether more substantial 
than has been customary. There must be, according to him, a drastic 
revision of the hypotheses relative to it. For example, its absolute 
inmiobility, perfect permeability, homogeneity, isotropy, and the in- 
variability of the velocity of light. Those upholding the principle of 
relativity have themselves commenced to attack the last postulate, as 
we have just seen. Now it will be the turn of the other properties. 
We may come, through the increasing acuteness of our powers of 

» ElnBteln, Annalen dcr Physlk. vol. §8, p. 355 and 1059, 1912 ; vol. 89, p. 704, 1912. 
' Ritz, Annales de chimie et de physique, vol. 13, p. 146, 1908. 

'Brillouln, Sclentia^ vol. 13, p. 10, 1918. See the Revue g^n^rale des Scieuces. Mar. 
80, 1918, p. 214. 
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analysis, to admit, to a closer degree of approximation, that the ether, 
at least slightly, is similar to ordinary matter, that it may propagate 
a disturbance with a velocity greater than that of light, that it does 
not remain perfectly stationary when matter traverses it, etc New 
experiments must be added to the purely electro-optic ones of Michel- 
son, Bayleigh, Brace, and Troughton before we will be able to build 
these theories. 

III. ELECTROMAGNBTISM AND RADIATION. 

The difficulties just described are not the only ones which the 
modem theory of electromagnetian encounters. Perhaps the gravest 
ones arise in adapting it to the experimental facts of radiation. We 
know that thermal radiation in equilibrimn in a constant-temperature 
chamber, and called ^^ black radiation," has a density independent of 
the particular body producing it. It is a function only of the wave- 
length X and the absolute temperature T. Our theoretical knowl- 
edge of this density, Uj^, is expressed by the well-known laws of 

Kirchoff, Stefan-Boltzmann, and Wien.^ Our experimental knowl- 
edge is expressed by the formula of Planck, 

-^ -1 
-6. XT. 

This equation satisfies not only the three theoretical laws but also 
corresponds to the observed distribution of energy in the spectinim 
of a black body. This formula reduces for large values of XT to 
the earlier one of Sayleigh, 

Now, the electromagnetic theory seems to lead almost inevitably to 
Eayleigh's formula for all wave-lengths in flagrant contradiction to 
experimental facts. The second formula, indeed, does not give a 
maximum to the radiation distribution curve and makes the total 
radiation infinite. This consequence, which the researches of Lord 
Rayleigh' and Jeans' made extremely probable, has been ren- 
dered certain by those of Lorentz.* According to the latter's re- 

^ These laws rest only on the Doppler-Flseaa principle, thermodynamlcal reasoning and 
the pressure of radiation, principles which may be held as well proven If not as ex- 
perimental facts. 

' Raylelgh, PhU. Mag., vol. 2, p. 689, 1900. 

» Jeans, 1. c, vol. 10, p. 91, 1905 ; vol. 17, p. 229, 1909 ; vol. 17, p. 773, 1909 ; vol. 18, 
p. 209, 1909. 

* Lorents, Revne g^n^rale des Sciences, p. 14, 1909 ; La th^orie da rayonnement (The 
theory of radiation), Rapports an Congrte de Broxelles de 1911, publics par Langevln 
and de BrogUe. 
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searches, the most general equation of an electixnnagnetic sjrstem, 
based upon the ether, electrons, and matter, by a suitable choice of 
parameters can be reduced to the Hamiltonian form of the equations 
of mechanics. The application of the methods of probability and 
statistical mechanics, especially the theoron of LiouTille (which is 
a consequence of the Hamiltonian form), leads us, then, to consider 
as applicable to the ether the theorem of the equipartition of energy 
which also brings us out with Bayleigh's formula. 

In order to escape from this blind alley and obtain the earlier 
formula, Planck invented the hypothesis of the discontinuity of en- 
ergy or quanta.^ According to this hypothesis, the molecular resona- 
tors can not exchange energy with the surrounding medium except 
in whole multiples of the same elementary quantity (quantum), A7, 
an amount proportional to the frequency of the resonator. The con- 
stant h would be a universal constant. We will not explain here the 
various foriQs given to the theory by Planck himself, Sommerfield, 
Einstein, H. Poincar^, and others (see articles cited, note 4, p. 231). 
We will pass over all the consequences which have been deduced from 
this hypothesis (theory of specific heats by Einstein, etc), except 
those which are purely electromagnetic* 

It appears that we need not give up for the free ether the equations 
and ordinary laws of electromagnetics or the dynamics of the free 
electron. The modification of the electromagnetic theory which we 
must make, if necessary, relates only to the relations between matter 
and the ether; that is to say, with regard to electrons not free, to 
emissions and absorption of energy, or perhaps to emission alone, 
which must then be considered as discontinuous. 

Brillouin' thinks that there is a loophole of escape: Planck's 
theory rests upon an arbitrary hypothesis with regard to strictly 
monochromatic resonators having very little physical basis. In 
giving these up, the complication of the reasoning rapidly increases, 
but Brillouin thinks that we can probably come out with Planck's 
formula without recourse to quanta. The result would, however, 
be inconsistent with the general theory of Lorentz previously men- 
tioned. Possibly we may hope to reach more precise knowledge of 
the mechanism of absorption about which we know practically noth- 
ing, and thence get a loophole for escape. This doubtless will hap- 
pen in the future. 

There is another domain than that of radiation, wherein the elec- 
tronic and quanta theories are clearly inconsistent, that of the prop- 
erties of the metals. According to the electronic theory, the thermal 
and electrical conductivities of the metals, as well as many other of 

I See the recent article by J. Perrln in the Beyne for Not. 16, 1912. 
s These conBequences have been resumed in a notable courte of lectures given this year 
at the Collie de France by Langevin. 

• Brillooln, Comptes Bendos, toL 160, pp. 124, 801, 1918. 
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their properties, are due to the motion of free electrons. We may, 
indeed, derive thus the law of Wiedemann and Franz. Electrons 
should therefore play an important part in the specific heats of the 
metals. But, according to the theory of quanta, the specific heat is 
uniquely related to the imcharged atomic resonators (Einstein). 
This accounts for the behavior of the specific heats at low tempera- 
tures. But the quanta theory has nothing to offer as to the thermal 
and electrical conductivities. The discordance is, however, decisive. 
It is perhaps premature to try to reconcile matters until measures of 
the thermal conductivities at low temperatures have been made, com- 
parable with the excellent ones on the electrical conductivities made 
by Kamerlingh Onnes ^ at the temperature of liquid air and hydrogen. 

IV. THE MAGNETON. 

The electron seems to have definitely become one of our physical 
propertie& P. Weiss' has for several years, and with increasing 
success, tried to introduce an element of magnetism, the magneton, 
bringing to bear upon it an Apposing mass of experimental results. 

He started from the theory of dia- and para-magnetism built by 
Langevin.* In that theory diamagnetism is explained by the de- 
formation of the intra-atomic electronic trajectories under the influ- 
ence of an exterior electric field paramagnetism results from the 
existence of a molecular magnetic moment of certain substances. 
Weiss has elaborated this theory so as to include ferromagnetism by 
means of a supplementary hypothesis, that of molecular magnetic 
fields proportional to the magnetizing force. This idea of an electric 
field is not new. Through it Bitz ^ developed his beautiful theory 
of the structure of the series of certain spectrum lines and the Zecman 
effect. It led Weiss to formulae which are well substantiated by ex- 
periment not only in the legitimate field of electromagnetism (the 
variation of the Curie constant with the temperature), but also as 
to the specific heats of ferromagnetic bodies. It was while looking 
for such precise experimental confirmation that Weiss was led to 
the theory of the magneton. 

The measure of the absolute value of the atomic magnetic moments 
of iron and nickel at the temperature of liquid hydrogen, made in 
collaboration with Kamerlingh Onnes, led at the start to numbers 
12,860 and 8,370, which divided, respectively, by 11 and 8 lead prac- 
tically to the same quotient, 1,128.5. For cobalt the corresponding 
number was later found to be very close to 9X1,123.5. For the 

^ With regard to all these questions which we can not stop to more than sketch, see the 
lecture which we deliyered before the Boci6t^ de physique in December, 1911. upon the 
electron theory of metals and also the book which we have several times cited on the 
Theory of Radiation. 

* Weiss, Journal de physique, pp. 900, 90S, 1911. 

* LangeTin, Annales de chimie et de physique, vol. 6, p. 70, 1906. 

* Biti, AnoAlen der Phyiik, toI. 20, p. 660, 1908. 
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molecule of magnetite the results were more complex and must be 
divided by 3 to compare them with the atom of iron. These also 
led to whole multiples of the same number, the factor of propor- 
tionality changing abruptly at certain temperatures as if the atom 
of iron underwent corresponding alterations. The nmnber 1^35, 
of which all the atomic magnetic moments are multiples, will be 
called the magneton-gram, and its quotient by the Avogadro num- 
ber (the number of atoms per gram-atom) is the magneton, 
16.4X10~^*« The properties of a ferromagnetic body are then well 
explained by supposing that the magnetic moments of their atoms 
are simple multiples of a magneton. Magnetism will then have a 
granular structure like electricity. 

Interesting confirmations have been made of this theory through 
measures of various experimenters upon paramagnetic salts or, in- 
deed, upon other bodies. The numbers of Pascal ^ and those of Mile. 
Feytis ^ are in qualitative and quantitative accord with the hypothe- 
sis of the magneton. As these numbers were calculated with refer- 
ence to water as a standard, an exact knowledge of the diamagnetic 
constant of water became necessary. Its measure is difficult and 
has led to discrepant results. It has been remeasured separately by 
Seve' and by P. Weiss and Piccard,^ who have reached concordant 
results close to 0.72 X1(H at 20** C. The theory of the magneton 
thus has had the merit of fixing definitely this important constant. 

We are obliged to admit, however, that for ferromagnetic bodies 
the atom does not possess a unique magnetic moment, but has a cer- 
tain number of different values according to the temperature and 
the chemical compound into which it enters. All these values, how- 
ever, have integral ratios. The actual existence of the magneton 
has been demonstrated in the atcms of iron, nickel, cobalt, manganese, 
vanadium, calcium, mercury, and uranium. We therefore seem to 
have here a real, very general constituent element of matter. We 
may therefore think of adding the magneton to the other known 
fundamental elementary bodies. The attempt made by Langevin' 
to deduce the magneton from the quantum of Planck will doubtless 
serve as a stimulus in this direction. 

V. THE PR0DUC5TI0N AND NATURE OF GASEOUS IONS. 

We will not discuss here the simple, ordinary ions, such as origi- 
nate from the X rays, radium, the Hertz effect, etc. For several 
years the accepted theory (Langevin, J. J. Thomson, Townsend, and 
others) was this: the negative electron, torn from a molecule by the 

^Pascal, Ann. Ch. Fhys., vol. 16, p. 631, 1909; vol. 19, p. S, 1910. 

> Mile. FeytiB, Comptes Bendas, vol. 152, p. 708, 1911. 
*S4Te, Ann. Ch. Phys., voL 27. p. 189, 1912. 

* Welfls and Plccard, Comptes Rendua, vol. 156, p. 1284, 1912. 

> Langevin, Bapport & la Conference de BmzeUea, 1911. 
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ionizing force, surrounds itself with a cortege of neutral molecules; 
the residual positive atomic ion does likewise. Thus originate the 
ordinary positive and negative ions. They are characterized by 
their mobility K^ coefficient of recombination a, and diffusion D. At 
very low pressures and at high temperatures these assemblages are 
dissociated little by little to the primitive charged center,, We will 
see that some modification of these ideas will be necessary. 

(1) Along the line of theory since the fundamental work of 
Langevin (Annales Ch. Phys., 1905) several new attempts have been 
made to explain the order of magnitude of the mobilities and their 
variations. Among these we should specially mention those of 
Sutherland/ of Wellisch,* and of Reinganum.' Sutherland, es- 
pecially, departing from the hypothesis of molecular agglomera- 
tion, supposes that an ion is identical with the electron or the 
primitive atom-ion; its velocity is modified and retarded by the 
electric action exercised upon the neighboring ions or the molecules 
polarized by its approach. An apparent viscosity is thus created 
which explains very well the results of Phillips (see further on) upon 
the variation of the mobility with the temperature. The actual 
theory is not unlike that which led Sutherland to his well-known 
formula for the variation with the temperature of the viscosity of a 
ga& 

It will be perhaps convenient to use the conventions of the older 
theory, considering the ions as assemblages in perpetual process of 
formation and disintegration in a kind of dynamical equilibrium; 
the charged center will then be in turn free and loaded with neutral 
molecules. We will see that a greater part of the experimental data 
makes such a convention almost necessary. 

(2) With a view to furnishing useful material for the theoretical 
developments, many measures have been made upon the mobility, 
the rate of recombination, and the diffusion at various temperatures 
and pressures. We will mention the measures of Phillips^ (varia- 
tion of h and a with the temperature) , Kovorik,' Tood,® Dempster ^ 
(variation at K at high and low pressures), Sales' (variation of D 
with the pressure). These measures show that ionic agglomerations 
disintegrate faster at low pressures and high temperatures in the case 
of n^ative ions and tend for both positive and negative ions to 
revert to the primitive state. This is in accord with the measures 

^ Satherland, Phil. Mag., vol. 18, p. 341, 1009. 

* WelllBCh, PhU. TranB., vol. 209, p. 249, 1909. 

* Relnganum, Phys. Zeitschr., vol. 12, pp. 670 and 666, 1911. 
« Phillips, Proc. Roy. Soc, 1906, and vol. 83, p. 246, 1910. 

•KoTorlk, Phyg. Bev., voL 30, p. 416, 1910; Proc, vol. 86, p. 154, 1912. 
•Tood, Radium, p. 113, 1911; p. 465, 1911. 

* Dempster, Phys. Rev., voL 84, p. 53, 1912. 

* Sales, Radlam, p. 59, 1911. 
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made upon flames by Moreau/ Lusby,* H. A. Wilson, and others,' 
The negative ions in flames appear to differ little from corpuscles 
and are scarcely loaded in their accidental encounters with molecules. 
The positive ion has a size of the order of magnitude of a free atom- 
ion and often appears to be formed of an hydrogen atom, more rarely 
of a metallic atom in certain flames colored by salts. 

(8) It is mostly with ionization at ordinary temperatures that the 
newer results have been obtained. The study of ionized gaseous 
mixtures was first undertaken by Blanc * and by Wellisch.' Accord- 
ing to them an ion produced in a gas A and then transported into 
another gas B, assumes a mobility characteristic of the gas B. This 
agrees with the idea of temporary agglomerations constantly de- 
stroyed and built up again. Blanc carried out his experiment with 
ions formed in carbonic acid gas and then transported into air. 
Wellisch created his ions in CH,I of CCI4 and then transported them 
into hydrogen. According to him the ionization in hydrogen is 
enormously increased by traces of CH3I whereas the mobility changes 
only slightly. It looks as if the heavily ionized molecules of CHjI 
transfer their charges to the hydrogen molecules. This is a re- 
markable property belonging to certain ions. The same experi- 
menters, as well as Lathey/ Tyndall,^ and others, have studied 
with precision the influence of traces of a foreign gas upon the 
mobility of ions. According to Blanc a small amount of aqueous 
vapor diminishes the mobility of the negative ion and increases that 
of the positive ion in air and in carbonic acid gas (450 and 490 
C. 6. S. for air instead of 380 and 600). The same occurs with 
alcohol vapor. The molecules of water and alcohol without doubt 
remain longer associated with the charged nucleus than those of 
air, carbonic acid gas, or hydrogen. Just the opposite is the case 
with the molecules of CHjI, CCI4, etc. From this we see also that 
in certain gases the positive ions finally surpass the negative ions 
in mobility. This, for instance, happen with chlorine. 

The most remarkable fact in this connection was noted by Franck," 
Working upon argon he found normal mobilities (of the order of 
1 cm. in a 1 voltr-cm. field) for the positive ions, while the negative 
ions had mobilities of more than 200 cm. and behaved as corpuscles 
free from corteges of molecules during the major part of their 
courses in the gas. This enormous mobility diminishes very rapidly 

^Moreau, Comptes Rendns, vol. 148, p. 842, 1909; Radium, p. 70, 1910. 

'Lnsby, Proc. Cambr., toI. 16, p. 20, 1911; PhlL Ma^., toL 22, p. 775. 1911. 

* H. A. WUson. Phil. Mag., toL 21, p. 711, 1911. 

< Blanc; Journal de physique, toI 7, p. 838, 190& 
B WeUlBch, Badium, p. 241, 1909, and 1. c. 

* Lathey, Free. Roy. Soc, vol. 84, p. 173, 1910. 
' Tyndall, Nature, vol. 84, p. 630, 1910. 

* Franck, Verb. Deutsch. Pfays. OesellBchn toI. 12, p. 201, 1910. 
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under the least trace of oxygen; it is brought down to 1.7 cm. by 
1.5 per cent of oxygen. The tendency to associate with the oxygen 
molecules is therefore much greater than with the argon atom. 
Nitrogen shows a behavior analogous to argon. 

(4) The study of the charge carried by the ions has led also to 
important results. The method used for measuring the charge e 
is based upon the condensation of water-vapor upon the ions 
(Townsend and J. J. Thomson) and has been further perfected by 
Millikan ^ and his pupils. By means of a microscope a single drop 
of oil or other material charged by the ionized gas is observed be- 
tween the horizontal plates of a condenser. Its rates of rise or f aU 
due to the combined electrical and gravitational fields are followed, 
and from these rates the charge e may be computed. Thus by ob- 
serving the sudden changes in the rates the new charges can be noted 
as they are added or taken away from the drop. It is found that 
these modifications of the charge of the drop always occur in whole 
multiples of the same elementary charge, e. The mean of the num- 
bers found for e was 4.89X10~*^ electrostatic units. This number 
accords with that deduced by Butherford from his measures with 
the rays although J. Perrin found somewhat smaller values from his 
study of emulsions and of the Brownian movement 

An important fact was noted by Townsend ' and his students : Ions 
of double charge, 2^, or multiples of this, were f oimd in ionized gases. 
This was noted in the experiments made in 1899, by means of which 
Townsend, measuring the diffusion coefficient Z> by a method using 
a gaseous current and comparing it with the mobility h was able to 
determine the product Ne of the charge of the ion by the Avogadro's 
number (the number of atoms per atom-gram). This was a static 
method and permitted the evaluation directly of the quotient h/B 
which equals the product Ne. This result was dependent upon the 
method of ionization used. At mean pressures and with the a rays 
from radium in air or the secondary rays due to X rays produced 
upon polished brass in hydrogen or oxygen, slightly moist, ions of 
opposite sign were both found to give nearly the value 1.24X10^**. 
However, if the secondary rays are produced in air at a sheet of 
brass, oxidized or covered with vaseline, or in other gases (hydrogen, 
oxygen, carbonic acid) upon the same strip polished and covered 
vaseline, the value of Ne is much greater for the positive ions. It 
may be found as high as 2.4 XlO^^ We conclude therefore first, that 
certain positive ions carry a charge 2^ ; secondly, that such ions are 
produced by the more penetrating secondary rays which are not 

^ MllUkan, Badinm, p. 845, 1910 ; Phys. Bev., yoL 82, p. 849, 1911. 
> Townsend, Proc Roy. Soc., toI. 80, p. 207, 1908 ; toI. 81, p. 464» 1909 ; vol. 85, p* 25, 
1911 ; HueUoot, Proc Boy. Soc., yoL 82, p. 18, 1909. 
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absorbed by the vaseliiie. The existoiee of these polyvalent ions has 
been eonfinned by Franck and Westphal/ who returned to the older 
method, using a gaseous current and devised by Townsend, in which 
K and D are separately measured. With X rays the proportion of 
polyvalent ions is about 1/10; with the a rays of polonium of 
the ^ rays of radium there secan to be no polyvalent ions. Mi|l}lrRn 
and Fletscher' do not agree with these conclusions, basing their ob- 
jections upon the method of dr<^ earlier described. But the earlier 
physicists maintain their interiuretation, which also seems to be in 
good accord with the results from other methods (multiple charges 
of the a rays from radium^ of the canal rays, the poeitive rays of 
vacuum tubes, according to J. J. Thomson, Gehrke, and Seichenheim 
and others). 

However, the question must seem at present unsolved. Very re- 
cently, Langevin and Salles,* measuring the ratio K/D by a new 
direct method, have concluded against the existence of polyvaJent ions 
in the ionization by X rays. We must therefore still leave the ques- 
tion open. 

(5) Finally, we must note the remarkable experiment by which 
C. T. K. Wibon* has enli^tened us as to the mechanism of ioniza- 
tion. Ccmtinuing his celebrated experiments coi the condensati<m 
of water vapor on ions, he succeeded in %e^ftkg and photographing 
the traU of ions, produced in a gas by an apgle a or ^ particle from 
radium or a very narrow pencil of X rays. 

His admirable photographs themselves alone can give an idea of 
all of which we can learn from them. Upon them we see the a and ^ 
particles following their rectilinear trajectories; we learn that the 
X rays do not ionize directly but by the secondary rays which they 
tear from the molecules encountered in the gas, etc. We find also 
a direct verification of the hypothesis advanced by Langevin and put 
to experimental test by Moulin ' in order to explain the ^initial re- 
combination'^ discovered by Bragg. According to the latter, the 
saturation cxurent of a gas ionized by a rays is much more difficult 
to obtain than when X rays are used. This is due, not to an ^ initial 
recombination" between the positive atom ions and electrons just 
liberated, but to a localization of the ions along the path of the 
a particles ; a saturation current is indeed much easier to obtain when 
the field is perpendicuhur to the radiation than when parallel. 

^WftBck and Westplial, Verb. 4ter Deoteeh. Pkya. Qem^ vol, U, pp. 146 and 276^ IHM. 

•IfUlikan and netseher, Phya Rev^ toL 92, pu 230^ 1911, and PbU. lfa«^ toL 21, 
p. 758, 1911. 8m alao Townsend, PhlL Ma^ toL 22, p. 204, 1911 ; Franck and West- 
pkal, PIdL Mag., mL 22, p. 947, 1911. 

* LangCTtB and Salles, 8oel#l4 de chtele ph j a l q ae, Fetenary, 1913. 

« Wllaon, Proe. Boy. Soe^ wL SS, p. 886, 1911 ; Badlui, Janaaiy, 19iai 

•laDoUii, KadtaB, pw 8M» 1919. 
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VI. PHOTOSL£GTBI0 BFFBX3T. (HSRTZ AND UBNABD BFFBMTTB.) 

Light, and especially ultra-violet light, discharges negatively elec- 
trified bodies with the production of rays of the same nature as 
cathode rays. Under certain circumstances it can directly ionize 
gases. The first of these phenomena was discovered by Hertz and 
Hallwachs in 1887. The second was announced first by Lenard in 
1900. Perhaps on no subject is the literature of the day greater and 
more contradictory, so we will note only a few of the recent results 
upon which the bulk of the work has been done. 

(1) With regard to the Hertz effect, the researches from the start 
showed a great complexity of the phenomenon of photoelectric 
fatigue — that is, the progressive diminution of the effect observed 
upon fresh metallic surfaces. According to an important research 
by Hallwachs,^ ozone plays an important part in the phenomenon. 
However, other elements enter such as oxidation, the humidity, the 
mode of polish of the surface, etc. We are not even sure that the 
fatigue is absent in a vacuum. Eugene Bloch * insists that we should 
work with an exciting radiation of definite wave-length since the 
fatigue varies from one wave-length to another. He also showed 
that in certain instances there is an acceleration of tiie effect which 
has been refound by various workers. 

A great many experiments have been made in a vacuum. Some 
were undertaken to study the Hertz effect at the rear surface of a 
strip traversed by the light, an effect perhaps greater there than at 
the front surface (Stohlmann, Kleemann, and others)., Other ex- 
perimenters have shown a selective effect in the case of certain metals ; 
for instance, with tiie alkaline metals, according to Pcid and Pring- 
scheim?* there are maxima of exciting power at wave length 0.300 pi 
for sodium, at 0.436 ^ for potassium, and at 0.390 (jl for a liquid alloy 
of potassium and sodium. The general exciting power increased 
F^ularly toward the smaller wave lengths. Several workers have 
also endeavored to extend the photo-electric sensitiveness of photon 
electric cells into the infra-red (Elster and Geitel) or to utilize them 
f or photophony (Bloch). 

However, the greatest effort has been spent in order to find out in 
vacuum the variation of the initial velocities of the photo-electric 
electrons with the wave length. This problem has a great theoretical 
interest, and the simple laws stated by Lenard since 1900 for the 
ensemble of radiation knitted should be studied separately for each 
wave length of the exciting radiation. Ajccording to Lenard, the 
total number of electrons emitted is proportional to the intensity of 

^ Hallwachs, Annalen der Physik, vol. 28, p. 459, 190T. 

'Bloch, Radium, vol. 23, p. 125, 1910. 

* Pohl and PrlxigBchelm, Verh« der Dentseh. Phys. Qea,, toL 12, pp. 21B, 849, 1910. 
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the incident light, but their velocity is independent of it, as well as 
of the wave length for any given metal. This odd result does not at 
all agree with the quanta hypothesis which, according to Einstein, 
leads to a linear variation of the initial energy wa)^/% with the fre- 
quency. We may further in our measures replace the initial velocity 
by the maximmn positive potential F which the metal can take under 
the influence of the rays (that is, the potential of the stoppage of the 
electrons). The first measures made upon this matter by Liaden- 
burg^ showed an increase of the initial velocity with the exciting 
frequency. Taken up by Ladenburg and Marlav,* Hull,' Hughes,* 
Sichardson,*^ and others, the experiments have confirmed, although 
not without dispute and difficulty, the qualitative result of Ladenburg 
and apparently the theoretical law of variation due to Einstein. Cer- 
tain writers contest this last deduction and claim a parabolic in place 
of a linear law pf variation.' Our own impublished experiments com- 
pleted upon this question lead us to reserve our decision, because of 
the smallness of the ranges of wave lengths studied by all these 
experimenters. It will be necessary to take up with quartz appa- 
ratus this question, working with the alkaline metals from the visible 
spectrum way up to the extreme ultra-violet. This is the only pro- 
cedure which will allow a real experimental test of the theory of 
quanta. We will close with the results obtained by Millikan^ and 
his pupils, who have found in certain cases abnormally high initial 
velocities. It looks as if there might be some experimental error due 
to the mode of production of the discharge by the ultra-violet light 
and the influence of the electric waves from the source upon the 
measuring apparatus. 

(2) The discovery of the ionization of gases by ultra-violet light 
was made by Lenard in 1900. As the effect was produced across 
several centimeters of air and made very great positive and small 
negative ions, it was natural to interpret the phenomenon, as did 
J. J. Thomson, as an Hertz effect upon the solid or liquid particles 
present in the gas. The researches of Langevin and those of Eugene 
Bloch ® have shown, indeed, that the greater part of the Lenard effect 
is certainly due to this cause. 

The Lenard effect upon the gas itself nevertheless does exist. Be- 
found by J. J, Thomson* and then more decisively by Palmer,^** it 

^ Ladenburg, Phys. Zeltschr., vol. 8, p. 690, 1907. 

> Ladenburg and Markav, Phys. Zeitscfar., vol. 0, p. 821, 1908. 

• HuU, Phys. Zeltschr., vol. 10, p. 537. 

* Hughes, Phil. Mag., vol. 21, p. 893, 1911 ; Proc. Cambr., voL 16, p. 167, 1911. 
f Bichardson, Phil. Mag., vol. 24, pp. 670, 575, 1912. 

« Kunts, Cornelius, Phys. Review, 1910 and 1913. 

^Mlllikan and Wright, Phys. Review, January and February, 1911. 

•Bloch, Radium, p. 240, 1908. 

" Thomson, Proc. Cambr., vol. 14, p. 417, 1907. 

^ Palmer, Nature, vol. 77, p. 682, 1908 ; Phys. Rev., p. 1, 1911. 
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has already been considerably studied and shows very different char- 
acteristics than those at first attributed to it by Lenard. It seems 
to be produced exclusively by the Schumann or extreme ultra-violet 
rays of wave length less than 0.180 (ji. These rays will not pass 
through air although they will through fluorite and partly through 
quartz. It produces small ions of both signs, neutral centers, large 
ions, and ozone. It is extremely sensitive to minute traces of im- 
purities in the gas, traces which can not be detected by other means. 
It can be distinguished from the Hertz effect and become very much 
greater. All these conclusions are drawn from the researches of 
Hughes,^ Cannegieter,' Lenard and Bamsauer,' and Leon and Eugene 
Bloch.* The latter have shown also that the radiation transmitted 
by quartz and coming from a mercury arc ionizes the air feebly in 
the neighborhood of the arc and seems consequently to emit a small 
amount of Schumann rays. In place of the usual source of Schu- 
mann rays, a hydrogen tube furnished with quartz windows, Lenard 
and Bamsauer used a very powerful spark between electrodes of 
aluminum. Then the ionization takes place even through air and 
quartz and the experimenters attribute it to rays of wave length 
less than 0.1 (&(&, the smallest ultra-violet rays known and which were 
discovered by Ljrmann. As no measure of these wave lengths were 
made, it seems as probable that the effect is due to ordinary Schu- 
mann rays which have been partially transmitted by media generally 
opaque to them because of the great original intensity of the light. 
This question remains to be studied as well as the Lenard effect in 
general the knowledge of which is yet very limited despite the great 
number of interesting problems connected with it. 

^ Hoghes, Proc. Cambr., voL 16, p. 483, 1010. 

* Cannegleter, Proc. Amst., p. 1114, 1911. 

■Lenard and Bamsaner, Sltzungsber. Heidelberg, 1910-1911. 

« Leon and Eugene Bloch, Comptes Rendna, vol. 155, pp. 903, 1070, 1912* 
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